The use of cobalt-chromium metal-on-metal (MoM) hip arthroplasty causes a new source of cobalt exposure, induced wear particles in nanometric size and metal ions. Cytotoxicity was observed in cobalt ions (Co 2+ ) and nanoparticles (CoNPs). The study aimed to investigate whether zinc protects cells from the cytotoxic effects of Co 2+ and CoNPs derived from MoM joint arthroplasties.
Introduction
With the introduction of the metal-on-metal (MoM) bearings to hip resurfacing, the use of cobalt-chromium (Co-Cr) MoM hip arthroplasty has caused a new source of Co can zinc protect cells from the cytotoxic effects of cobalt ions and nanoparticles derived from metal-on-metal joint arthroplasties?
exposure. 1 Co-containing metal alloy releases a large number of metal debris particles and metal ions. 2 Co and Cr ions have been detected in solution during corrosion of metal alloys. 3 Furthermore, there is an increase in circulating metal ions in the blood of MoM hip arthroplasty patients, 4 which may be exposed to metal for many years post-operatively.
Co nanoparticles (CoNPs) are of special toxicological importance because of the ability of the nanoparticles to directly enter cells and cause subsequent tissue damage. 5 Due to the possible risks for human health, the toxic effects of CoNPs and Co ions (Co 2+ ) have attracted widespread attention. However, the precise mechanism of Co-induced toxicity is still unknown. Among the proposed potential mechanisms, reactive oxygen species (RoS) and oxidative stress were thought to induce cytotoxicity and genotoxicity. [6] [7] [8] RoS are not only a key factor in the apoptosis process but also play an important role in DNA damage and other cellular processes. 9 The toxicity of metal oxides may also be dependent on the extent of oxidative stress. 10, 11 In other words, the cellular redox status and the imbalance between oxygen free radical generation and detoxification can influence the apoptosis process. In addition, CoNPs and Co 2+ not only cause cytotoxicity and genotoxicity but also induce an inflammatory response. 12, 13 Pro-inflammatory cytokines, such as tumour necrosis factor-α (TNF-α), interleukin-1β (Il-1β) and interleukin-6 (Il-6), have been found in the tissue surrounding failed implants. 14 Zinc plays an essential role in cell membrane integrity, and it is an important element in more than 70 different enzymes functions, such as cellular metabolism, cell proliferation, apoptosis and defence against free radicals. 15 It functions as an antioxidant, as reported in in vitro studies, [16] [17] [18] [19] through increasing the stability of biomembranes 20 and protecting thiol groups from oxidation via complexation. 21 Additionally, previous research demonstrated that Zn deficiency caused cellular oxidative stress, 22 and that Zn deficiency potentiates the inflammatory response mediated by certain lipids and cytokines in endothelial cells, possibly via mechanisms associated with increased cellular oxidative stress. 23 Zn supplementation protects vascular system from oxidative damage. 24 Considering the aforementioned properties of Zn, we hypothesised that Zn may hold potential for inhibiting the inflammatory response and cytotoxicity induced by CoNPs and Co 2+ in Balb/3T3 mouse fibroblast cells. The present study was carried out to investigate the underlying toxic effects induced by CoNPs and Co 2+ and the possible protective effects of Zn pretreatment in Balb/3T3 cells. 2 o was dissolved in ultrapure water at 10 mM concentration, and diluted in culture medium to achieve the required working concentrations (1 μM, 5 μM, 10 μM, 50 μM, 100 μM, 500 μM). The CoNPs samples were suspended in ultrapure water at the initial concentration of 1000 μM, sonicated in a sonicator bath at room temperature for 30 minutes at 40 W in order to minimise particle aggregates and finally diluted with complete culture medium to the final working concentrations (1 μM, 5 μM, 10 μM, 50 μM, 100 μM, 500 μM). The freshly prepared stock solution was processed three times by sonication immediately before exposure to cells. Cell culture and sample treatment. Balb/3T3 mouse fibroblast cells were procured from the China Center for Type Culture Collection (Shanghai, China). Cells were cultured in DMEM medium supplemented with 10% FBS and 100 U/ml penicillin-streptomycin at 5% Co 2 and 37°C in a humidified atmosphere. At 85% confluence, cells were harvested by using 0.25% trypsin and were plated into 60 mm dishes or 96-well plates according to the type of experiment. Cells were allowed to attach to the surface for 24 hours prior to treatment. For the dose-related experiments, the cells were exposed to CoNPs and Co 2+ for four, 24 and 48 hours. To examine the protective effects of Zn ions (Zn 2+ ) on the viability of cells, the cells were pretreated with 50 μM Zn 2+ for four hours and subsequently exposed to varying concentrations of CoNPs and Co 2+ for 24 hours. The cells were randomly divided into six groups: control group (Balb/3T3 cells treated with normal medium), CoNPs group, CoNPs + 50μM Zn 2+ group, Co 2+ group, Co 2+ + 50 μM Zn 2+ group and 50 μM Zn 2+ group. Cell viability assay. The cytotoxicity of Balb/3T3 cells was analysed by the CCK8 assay according to the manufacturer's protocol. Balb/3T3 cells grown in 96-well culture plates were treated with the agents for various time periods and washed twice with medium. The CCK-8 solution (10 μl) was immediately added to 100 μl of a culture medium per well and the cells were then incubated for an additional 2 hours at 37°C in a humidified atmosphere of 5% Co 2 and 95% air. The absorbance of each sample was measured at 450 nm by a microplate reader (Japan Intermed, Tokyo, Japan). The cell viability ratio was expressed as a percentage of the control. Each experimental condition was repeated in triplicate. ROS measurement. Spectrofluorometry analysis was used to assess RoS generation in cells exposed to target concentrations of CoNPs and Co 2+ and the protective effects of Zn 2+ pretreatment. For the spectrofluorometry analysis, cells (1 × 10 5 /well) were seeded in 96-well plates. Before the cells were exposed to CoNPs and Co 2+ at target concentrations for 24 hours, the cells were pretreated with 50 μM Zn 2+ for four hours. After exposure, cells were incubated with DCFH-DA for 30 minutes at 37°C in a 5% Co 2 incubator. Following completion of the reaction, the reaction mixture was washed three times by 200 μl of phosphate-buffered saline in each well. The fluorescence intensity of the cell was measured on a multiwell microplate reader (Japan Intermed) using excitation and emission of 485 nm and 525 nm, respectively. values were expressed as the percentage of fluorescence intensity relative to the control wells. Detection of cytokines. Cytokines levels were measured by collecting the supernatants from cell cultures at 24 hours after the cells were exposed to Co 2+ and CoNPs groups. The concentrations of TNF-α, Il-1β and Il-6 in the culture media were determined using ElISA kits according to the manufacturer's instructions. Each sample was analysed in triplicate.
Materials and Methods
In order to evaluate the protective effect of Zn 2+ pretreatment, cells were pretreated with 50 μM Zn 2+ for four hours. Then, the cells were exposed to different concentrations of Co 2+ and CoNPs for 24 hours. values were collected as described above. Statistical analysis. This was performed using SPSS 19.0 (IBM Corp, Armonk, New York). Data were analysed by one-way analysis of variance followed by Tukey's post hoc test. Results shown summarise data from three independent experiments and were represented as the mean ± standard deviation (sd). Differences between groups were considered significant if p-values < 0.05.
Results
effect of Zn 2+ on cell viability in Balb/3T3 cells. As shown in Figure 1 , CoNPs and Co 2+ induced a concentration-and time-dependent reduction in the viability of Balb/3T3 cells. Whilst 10 μM Co 2+ did not significantly affect cell viability at four hours, > 50 μM Co 2+ significantly decreased cell viability. Whereas 5 μM CoNPs had no influence on cell viability, > 10 μM induced reduction of cell viability (Fig. 1a) . At 48 hours, 50 μM Co 2+ had a significant reduction of cell viability and 5 μM CoNPs induced reduction of cell viability (Fig. 1c) . The inhibitory concentration 50 values at 24 hours were approximately 50 μM CoNPs and 100 μM Co 2+ , respectively (Fig.1b) . Therefore, those concentration values were used for the subsequent tests. our results showed that pretreatment with 50 μM Zn exhibited significant protective effects on the cell viability (p < 0.05), which showed 51.36% (sd 5.09) and 67.91% (sd 6.97) increased survival respectively, compared with that in Co 2+ and CoNPs treated cells. In addition, pretreatment with 50 μM Zn 2+ did not show cytotoxicity and in fact an increase in cell viability was observed (Fig. 2) . ROS formation. RoS production, plotted as a function of intracellular Co content, is shown in Figure 3 . An increase of RoS formation dependent on concentration was observed in cells exposed to Co 2+ and CoNPs. The Figure 4 showed that the levels of TNF-α, Il-1β and Il-6 exposed to CoNPs and Co 2+ groups were significantly raised as compared with the control group. 
Discussion
Wear debris from orthopaedic patients with MoM bearing surfaces is produced by mechanical wear, surface corrosion, or both. It contains insoluble CoNPs and Co 2+ , which may lead to prosthesis failure and adverse effects. Daniel et al 25 demonstrated that in resurfacing arthroplasty patients, mean whole blood Co and Cr concentrations were 1.26 μ/l and 2.41 μ/l at one year and 1.17 μ/l and 1.11 μ/l at six years, respectively. However, the molecular mechanisms involved in cytotoxicity induced by CoNPs and Co 2+ remains to be elucidated. In the present study, we have focused on the mechanisms of the adverse effects and evaluated the protective effect of Zn pretreatment on CoNPs and Co 2+ cytotoxicity on Balb/3T3 cells. In this study, the CCK8 assay was used to assess Balb/3T3 cells viability, exposed to CoNPs and Co 2+ . The results showed concentration and time-dependent decreases in absorbance in the CoNPs and Co 2+ groups when compared with control cells. These results correspond well with those of previous studies, 1, 19, 26, 27 and CoNPs were more cytotoxic than Co 2+ . It is suggested that Co 2+ firstly saturates the binding sites of molecules in the extracellular milieu and on the cell surface, becoming unavailable to enter cells; after saturation, Co 2+ are actively transported inside cells. 28 The cytotoxicity of nanoparticles is likely to be mediated by the nanoparticles themselves rather than by their corrosion into ions in the culture medium. 28 CoNPs and Co 2+ induced a concentration-dependent increase in RoS, as previously shown with Co oxide nanoparticles. 6 RoS can cause DNA damage, oxidative stress and activate other cellular processes. 9 oxidative stress has been proposed to play a key role in the mechanism of toxicity for a number of nanoparticles, through either the excessive generation of RoS or depletion of cellular antioxidant capacity. 6 on the one hand, RoS function as homeostatic signaling molecules that regulate cell growth, and on the other hand, as adaptation responses at physiological concentrations. However, RoS production can result in cellular injury and death at higher concentrations. In the present study, Zn 2+ pretreatment significantly decreased RoS production compared with exposure to CoNPs and Co 2+ alone. The cytotoxic effect of 100 μM of Co 2+ and 50 μM CoNPs Relative percentage change in the production of reactive oxygen species (RoS) was measured on cobalt ions (Co 2 +), cobalt nanoparticles (CoNPs) and zinc ions (Zn 2 +) pretreated groups. Each value represents the mean ± standard deviation of three independent experiments, performed in triple. *p < 0.05 compared with control group. †p < 0.05 compared with Co 2 + treated group. ‡p < 0.05 compared with the CoNPs treated group. Protective effect of zinc ions (Zn 2 +) pretreatment against cytotoxicity induced by cobalt nanoparticles (CoNPs) and cobalt ions (Co 2 +) was measured in Balb/3T3cells. The cells were pretreated with 50 μM Zn 2 + for four hours and subsequently exposed to 100 μM CoNPs and 500 μM Co 2 +for 24 hours. Cells cultured with serum-free medium served as control group. Cell viability was measured by Cell-Counting Kit 8 assay. The values were presented as means ± standard deviation from three independent experiments. *p < 0.05 compared with the control group. †p < 0.05 compared with the relevant treatment group.
were inhibited by pretreatment of cells with 50 μM Zn 2+ . Gürbay 19 reported the preventive effect of Zn 2+ against cytotoxicity of Co 2+ and Zn deficiency increased chromium(Iv)-induced cytotoxicity. 29 It has been known that intracellular zinc levels influence cell survival. 30 Furthermore, Zn is an essential component of numerous proteins involved in the defense against oxidative stress. 17 Present results, along with our previous study, verify that Zn pretreatment is important for protection against Co-induced cytotoxicity. 31 Previous studies have shown that periprosthetic Co-Cr wear particles induced diverse pro-inflammatory cytokines release, such as Il-6, Il-1β and TNF-α. [32] [33] [34] The increased pro-inflammatory responses stimulated the cell death process. This study confirms the pro-inflammatory character of Co 2+ and CoNPs by an increase in TNF-α, Il-1β and Il-6. Il-1β is a component of the inflammasome and is processed by active caspase-1 cleaving the precursor Il-1β. 35 The effects of chronic inflammation include induction of oxidative stress, 36 while oxidative stress can induce inflammatory cytokines. 37 Thus, there is a vicious cycle among inflammation, oxidative stress, and induction of toxic inflammatory cytokines. Zn pretreatment led to a significant decrease in the number of inflammatory cytokines induced by Co 2+ and CoNPs that were released after 24 hours of exposure. Zn deficiency in diabetic patients increased cardiovascular events, 38 which may be related to the increased inflammatory response in the renal system and vascular systems. 39, 40 Moreover, the generation of inflammatory cytokines is increased as a result of zinc deficiency. 41 In the current study, we determined whether Zn pretreatment can reduce increasing inflammatory cytokines levels induced by CoNPs and Co 2+ . Zn uniquely functions not only as an antioxidant but also as an anti-inflammatory agent. In this study, elevated levels of Il-6, Il-1β and TNF-α in the Balb/3T3 cells exposed to 50 μM CoNPs and 100 μM Co 2+ were significantly decreased by pretreatment with 50 μM Zn for four hours, which suggested that Zn can protect against inflammatory cytokines of Balb/3T3 cells induced by 50 μM CoNPs and 100 μM Co 2+ .
Zn has been shown to have antioxidant, anti-inflammatory and membrane-stabilising properties. Zinc's function as an antioxidant involves two different mechanisms: 1) the protection of sulphydryl groups of proteins against free radical attack and 2) the reduction of free radical formation through the antagonism of redox-active transition metals, such as iron and copper. 42 Evidence shows that cellular oxidative stress is markedly induced by exposure to linoleic acid and that this oxidative stress can be partially blocked by Zn. 43 Research indicates that Zn is a potent inhibitor of apoptosis 44 and that Zn deficiency can induce apoptosis. 45 Recently, it was reported that the protective effects of Zn may occur through inhibition of caspases, such as caspase-3, 46 and methollthionein (MT) expression. 47 MT is a cysteine-rich metal-binding protein that has several biological roles including antioxidant properties. It is shown that Co can displace intracellular Zn 2+ in cells exposed to Co 2+ and CoNPs, which decreases the intracellular Zn 2+ level. 28 Thus, the replacement of essential divalent cations might contribute to the cytotoxicity induced by Co particles. 48 In the present study, we showed that Co 2+ and CoNPs had concentration-and time-dependent cytotoxicity in Balb/3T3 cells, and that Zn pretreatment could reduce * Effect of zinc ions (Zn 2 +) pretreatment on a) tumour necrosis factor-α (TNF-α), b) interleukin-6 (Il-6) and c) interleukin-1β (Il-1β) levels in Balb/3T3 cells treated with cobalt nanoparticles (CoNPs) and cobalt ions (Co 2 +). Balb/3T3 cells were pretreated with 50 μM Zn 2 + for four hours, followed by treatment with 100 μM Co 2 + and 50 μM CoNPs for 24 hours. Data were expressed as the mean ± standard deviation. *p < 0.05 compared with the control group. †p < 0.05 compared with the Co 2 + treated group. ‡p < 0.05 compared with the CoNPs treated group. the cytotoxicity, RoS production, and levels of TNF-α, Il-1β, and Il-6, which suggested that Zn 2+ pretreatment has a protective effect. our study provided a new insight into the roles of Zn pretreatment in ameliorating cytotoxicity and aseptic inflammation induced by CoNPs and Co 2+ . Further research into the functional roles of Zn and metal ions in tissue damage due to MoM arthroplasty corrosion should focus on mitigating the toxic effects of these proceses.
